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Introduction
Over millions of years photosynthetic unicellular organisms, known as diatoms, have played an intergal role in aquatic ecosystems. Recently, diatoms have become a target for biosensor development due to their unique ability to produce a biosilica matrix, the frustules, on the outermost covering of the cell 4 . Each species produces a uniquely patterned silica frustule as a result of specific gene sequences for each species 4 . One particular species of diatom, Thalassiosira pseudonana (T. pseudonana), is one of two diatom species to have the genome fully sequenced 1 . At only 31.3 Mbp, T. pseudonana's short genomic sequence has made gene identification, i.e. frustule synthesis-related genes, easier to isolate making it a valuable model organism 4 .
Several studies have been conducted examining the intricacies and biology of the diatom frustule. In a study from the Scripps Institute of Oceanography, the components and mechanisms of the silica deposition vesicle in manufacturing embedded proteins in the frustule were examined 3 . The results of the research implicated several genes involved with the structural formation of the diatom frustule 3 . Another research team from the Georgia Institute of Technology identified the tpSil3 gene as a frustule-localizing gene and tagged the enzyme HabB with the tpSil3 sequence. From the investigation, the research team concluded that silicaembedded enzymes could be localized to the biosilica by tagging the enzymes with the tpSil3 sequence and still maintain functionality 6 . The results from both studies reinforce the potential that diatoms present for use in biosensor development.
The identification of proteins involved in frustule development has been particularly promising in biosensor development because using known diatom sequences involved in localizing proteins to the frustule, recombinant sensor proteins can be targeted to the biosilica through genetic manipulation of the diatom 4 . Current technologies developed to attach proteins to a silica matrix are often costly and can inactivate the protein due to harsh coupling conditions 6 ; however, the potential use of T. pseudonana provides an easy method to produce a large number of sensors with a desired receptor at one time under ambient conditions and at a relatively low cost Although, there have been previous studies exploring the mechanisms of frustule development and the enzyme activity of embedded catalysts in living cells, our study specifically investigated the functionality of a complex Förster Resonance Energy Transfer (FRET)-based sensor in living cells as well as isolated diatom frustules. The main purpose of this paper is to demonstrate the capabilities of functionalizing diatom biosilica with a modified ribose receptor.
In addition, we present information on the effects of various environmental conditions on the growth of cells in an effort to expand our understanding of diatom biology. For the purposes of the study a modified ribose receptor was used as a proof-of-concept, though other receptors could be developed in the future as the knowledge regarding diatoms biology expands. and selected for nourseothricin-resistance and cyan and yellow fluorescence. Cryopreservation. Approximately 1.5 x 10 6 cells were spun down and resuspended in a 12% DMSO-F/2 media solution. The cell suspension was transferred to cryopreservation vials and sealed with heat shrink-wrap tubing. The tubes were then frozen at a rate of -1 C/min to -80° C using a Nalgene Mr. Frosty (Thermo Scientific). Vials containing the cells were moved to liquid nitrogen.
Materials and Methods

Growth
To bring cryopreserved cells to room temperature, vials were taken out of liquid nitrogen and step-wise warmed by leaving them for 24 h in a Mr. Frosty cooled to -20° C then left on the counter top at room temperature until the frozen cell solution had thawed. The liquid cell solution was then spun down and resuspended in F/2 media with 100 µg/ml of penicillin and streptomycin. The resuspended cultures were then left in the shaking incubator. Various concentrations of DMSO ranging from 8% to 25% were also tested but results were inconclusive.
Results
Fluorescence Expression In Naturally Occurring and Isolated Frustules.
We noticed in living transformed cell cultures that there were consistently what appeared to be circular hollow shaped objects. We examined these structures with fluorescence microscopy to determine if they were living diatoms. By using the red auto-fluorescence of the chloroplasts, we could determine if the circular objects were living cells (Fig. 2) . Upon inspection, no red fluorescent chloroplasts were seen, but both yellow and cyan fluorescence was present. The circular objects were proposed to be naturally occurring frustules, in which the cell died and the cellular material was degraded leaving the frustule. The effect of aeration on cell growth was also investigated by setting up two WT cultures under separate conditions. The first culture received constant aeration while the second remained stagnant. As expected, the culture receiving aeration had a higher cell density than the stagnant culture over the course of the 8 d study. The culture grown with constant aeration reached the highest concentration of 1,370,000 cells/ml after 129.8 hours, but the culture grown in stagnant media peaked at 682,500 cells/ml after 19 hours (Fig. 6) . Cryopreservation of Diatom Cells. A protocol for the cryopreservation of diatom cells was optimized in order to maintain samples for future use. Different DMSO concentrations were tested between 8%-25% in f/2 media. A DMSO concentration of 12% was observed to produce the highest number of viable cells after bringing the cells out of cryopreservation based on microscopic observation of chloroplast auto-fluorescence. It was noted that there was white particulate matter suspended in the thawed cell cultures suggesting an initial cell die-off after the cells were brought out of cryopreservation. This suggests that using a 12% DMSO-F/2 solution to cryopreserve diatoms is an effective means to store cultures over time for cell line retention.
Discussion
The main objective of this study was to examine the functionality of the ribose receptor in a biosilica-embedded/cell-free system. Initial efforts utilized protocols that included a large amount of centrifugation but produced questionable FRET results. In contrast, naturally occurring frustules that underwent no centrifugation demonstrated a consistent FRET response indicating the receptor is capable of functioning even after the cell dies. This might suggest that centrifugation stress denatures or damages the receptor/frustule system. Therefore, the use of a protocol primarily based on sonication to get rid of the cellular material with very limited centrifugation bypassed many of the issues seen earlier in the protocol optimization process.
A previous study examining diatoms transformed with the enzyme HabB have also found that functionality was compromised by certain isolation methods (Poulsen et al., 2007 Following analysis of growth conditions, aeration was determined to play an important role in diatom growth. The cultures that received aeration grew to a cell density almost twice as large as the culture that did not receive any aeration. This suggests the aeration provides necessary uniform gas and nutrient levels throughout the culture for diatoms to grow, develop, and divide to reach a higher density more quickly than cultures grown without aeration. However, the use of stagnant media was concluded to be a useful tool to slow culture growth and maintain cultures at lower concentrations. This is beneficial if there is a need to keep large volumes of culture but not actively grow them.
Unexpectedly, the TR cells grew to a higher cell density compared to WT cells. It was 
